tions/disconnections, and hemispheric disconnections, have been described. 22 Given the extent of the ischemic damage in the affected hemisphere, hemispherectomy has been proposed in such cases and was the first surgical option leading to impressive results in terms of seizure control. 33 , 34 An evolution of this radical surgical option was subsequently described, termed "functional hemispherotomy," which decreased the risk of superficial siderosis, hydrocephalus, and shunt requirement. 7 However, the term "functional" in this procedure is more related to the sparing of cortical tissue than sparing of function per se. Indeed, hemispherotomy is very effective for seizure control but does not improve the cognitive prognosis. 34 More conservative disconnection procedures have been proposed in cases of large lesions involving the posterior quadrant of the hemisphere, such as temporo-parietal-occipital disconnection. 11, 30 Here, we describe a new partial disconnection technique that includes the perimotor cortex (suprainsular disconnection) and is guided by stereoelectroencephalography (SEEG) results in 6 patients who presented with stroke in early life and severe drug-resistant epilepsy. We have termed this technique "tailored suprainsular partial hemispherotomy" (TSIPH). These patients were selected from a cohort of more than 400 patients who underwent exploration with SEEG procedures in the last 18 years. In particular, all patients with infantile stroke and drug-resistant epilepsy have been investigated using SEEG in the last 7 years at our center. Based on SEEG results, this procedure has the advantage of avoiding a large, complete disconnection of regions spared by the epileptogenic process.
Methods

Patients and Presurgical Evaluation
The patients were retrospectively selected from our epilepsy surgery database (starting in 2001, 411 SEEG cases). We included all patients presenting with stroke-induced drug-resistant focal epilepsy who underwent exploration with SEEG for presurgical epilepsy evaluation and subsequently underwent TSIPH to disconnect the epileptogenic zone (EZ). We included patients with stroke of probable perinatal origin or stroke that occurred during childhood.
Noninvasive presurgical workup was performed at the Henri Gastaut Hospital or La Timone Hospital in Marseille, or in the Toulouse CHU for 1 patient. All patients underwent detailed clinical examination, surface videoelectroencephalography recording of seizures, cerebral MRI, functional imaging, and neuropsychological assessment.
The decision to perform SEEG was made according to the French guidelines criteria 21 to precisely define the EZ. In particular, despite the extent of brain damage in the present cases, a focal onset could be suspected from the noninvasive evaluation. Invasive measurements consisted of SEEG recordings obtained over a number of days. It was performed following discussion by a multidisciplinary team, utilizing the clinical and imaging data and results from the noninvasive investigations. The number and position of the implanted electrodes were also discussed.
Implantation of the intracerebral electrodes was performed in the Marseille Timone Hospital neurosurgical department for 5 patients and in the Toulouse neurosurgical department for 1 patient. The 4 children/adolescents underwent frameless SEEG, 10 and the 2 adult patients had frame-based SEEG. 2 The pattern of implantation was designed to be able to identify the EZ and, if surgery was deemed possible, to delineate the anterior and posterior resection margins as well as an inferior limit up to the medial cerebral fissure (Fig. 1) . Adequate localization of the electrodes in the cerebral space was verified using 1.5-T MRI or fusion of the preimplantation MR image and CT scan with the electrodes in place. SEEG recordings were performed using intracerebral multiple contact electrodes (10-15 contacts: 2 mm in diameter, Dixie Medical). The anatomical targeting and number of necessary electrodes were established in each patient according to the hypotheses for localization of the EZ determined by the clinical data and EEG recordings from phase 1 (i.e., the noninvasive preoperative workup). Particularly with the objective of avoiding complete hemispheric disconnection, the planning of electrode placement was established to explore the cortical areas around the ischemic areas and to explore the anteroposterior and craniocaudal limits of the EZ. Each electrode contained multiple contact points numbered 1 to 15. The SEEG recordings were prolonged as long as necessary to capture several of the patient's habitual seizures.
In addition, patients were evaluated for cerebrovascular abnormalities, cardiac disease, and the presence of any hematological or metabolic risk factors for stroke based on previously reported clinical experience. 1, 19, 25, 28 All patients underwent a comprehensive battery of standardized neuropsychological tests, exploring intelligence and memory (immediate and delayed verbal and visual memory). Patients underwent neuropsychological evaluation when possible. The standard clinical measures of intelligence retained for IQ evaluation were the Wechsler Intelligence Scale for Children-Fourth Edition for patients 6 to 16 years and the Wechsler Adult Intelligence Scale-Third Edition for patients older than 16 years. Memory abilities with verbal and/or visual material and attention/working memory were assessed using the Wechsler Memory Scale-III for patients older than 16 years and the Children's Memory Scale for patients 6 to 16 years. We used the modified Rankin Scale (mRS) to assess the degree of disability (score 0, no symptoms; score 1, able to carry out all usual activities despite symptoms, normal development; score 2, unable to carry out all activities but has ageappropriate independence and no reduction in gross motor skills; score 3, requiring some help but able to walk without assistance, reduction of 1 level in gross motor skills in younger children; score 4, unable to walk without assistance but able to attend to own bodily needs, or reduction of at least 2 levels in motor skill development; and score 5, bedridden, incontinent, and requiring constant care). 3, 16 Postoperative seizure outcome was assessed using Engel classification.
13 Clinical data were collected 1 month after surgery and every 6 months in outpatient clinics during the follow-up period.
Operative Technique
The patient was positioned supine on the operating table. The head was turned to the contralateral side with a gel pad under the ipsilateral shoulder to avoid extreme rotation of the neck. Using neuronavigation, we delineated the anterior and inferior points of the 2 cortical incisions on the skin. The skin incision is a standard question-mark incision exceeding the midline and including the 2 incision lines. The craniotomy was delineated similar to the one performed for periinsular hemispherotomy and extended from below the sylvian fissure to the midline. It is not necessary to reach the midline and can be stopped 1 cm away from it ( Fig. 2) . Suprainsular disconnections were performed in a tailored fashion (Fig. 3 ) under neuronavigation guidance (StealthStation S7, Medtronic) and using microscopic amplification. The first step was to delineate the 4 extremity points of the anterior and posterior vertical disconnection lines (points A and B for the anterior disconnection line; points C and D for the posterior line) based on the SEEG results. The second step was a suprainsular approach to the lateral ventricle between points A and C. This approach can be performed in a subpial fashion; as the medial border of the insular cortex is reached, the trajectory must ascend to reach the ventricle if it is not dilated (not to enter the thalamus). The third step consisted of anterior and posterior disconnection along the anterior limit between points A and B and the posterior limit between points C and D to the midline. The fourth step involved the intraventricular callosotomy between the median lower part of the anterior vertical disconnection line and the median lower part of the posterior vertical disconnection line. At the end of surgery, the cortical lines and the callosotomy were obstructed with oxidized cellulose and fibrinogen glue so as to avoid subdural collections.
Results
Clinical Findings
Six consecutive patients (4 adolescents and 2 adults) were treated using TSIPH in our department between March 2013 and April 2016 for refractory epilepsy associated with stroke. Patient characteristics are detailed in Table 1 .
No etiological factor or risk factor was found in any patient after extensive workup. Ischemic events occurred in the perinatal period in 3 patients and during infancy or childhood in 3 (at ages 5, 7, and 14 years). Ischemic territories involved the anterior portion of the circle of Willis. Stroke occurred on the left side in 4 patients and on the right side in 2 patients. The vascular territory involved the middle cerebral artery (MCA) in each case. The ipsilateral motor cortices were found to be relatively spared by the ischemic lesions on MRI in all cases; ischemic lesions were prominent on subcortical regions and perisylvian cortices (Fig. 4) .
Seizure onset occurred at a mean age of 6 years (range 7 months-14 years). The mean interval between stroke and seizure was 3 years (range 30 days-7 years). Focal motor semiology associated with falls and possible secondary generalizations were the main seizure features (Table 1) . Seizures became refractory at a median delay of 25 months (range 2-102 months). Seizures were refractory to a median of 4 antiepileptic drugs (range 3-5). One patient underwent vagus nerve stimulation without a decrease in seizure frequency or falls. The mean duration of epilepsy was 15 years (range 4-37 years). Head trauma due to seizure-related falls was frequent in the history in all patients, with 1 adult patient routinely using a cranial helmet.
The preoperative mRS scores were better in adolescents than in adults (score 1 or 2 vs score 3). No patient was found to have a visual field defect during ophthalmological assessment. Neuropsychological data are indicated in Table 1 . MRI showed hemispheric ischemic involvement with signs of necrosis, porencephalic cyst, and atrophy, and the ipsilateral ventricle was large in all patients.
SEEG Recordings
The main characteristics of SEEG findings are listed in Table 1 . The mean number of implanted electrodes was 12; 3 patients had bilateral implantations. There was no complication associated with SEEG. Interictal activity and seizures were recorded in each case. Generally, the distribution of interictal spikes was larger than the seizure onset zone. The EZ was characterized by the occurrence of rapid discharges affecting at least 2 cortical regions at seizure onset.
Ictal discharges were prominent in the motor system, affecting the premotor cortex (mesial and/or lateral), the primary motor cortex, and, to a variable extent, the parietal cortex (superior parietal lobule), when it was explored. One patient (case 6) had prominent anterior prefrontal involvement. Figure 1 shows an example of ictal activity that extensively involved the explored regions of the affected hemisphere. A contralateral discharge was observed but was less tonic. Given the distribution of the EZ within the suprasylvian cortices and the presence of frank hemiplegia in all cases, suprainsular disconnection was proposed in order to spare the occipitotemporal cortex and thus avoid complete hemispherotomy.
A Wada test using propofol 9 was performed in patients with left hemisphere involvement to verify the absence of a language deficit when the left internal carotid artery was injected.
Perioperative Details
The anterior and posterior limits of the resection were delineated according to the results of SEEG, particularly the anteroposterior extension of the disconnection (Fig.  5) . There was no complication after surgery except for transitory hyperthermia without infection, probably due to some blood filling the subarachnoid and ventricular spaces. There was no need for transfusion during or after surgery, except for an adult patient who needed transfusion on day 6 after surgery. No patient had hydrocephalus in the postoperative period. Children spent 1 day in the intensive care unit, and adult patients spent 3 days. The mean hospital stay was 8 days (range 7-10 days).
Outcome
At a mean follow-up of 28 months (range 13-46 months), there were no deaths, and no patient had hydrocephalus. In the immediate postoperative period, preexisting hemiplegia was worse, and the mRS score increased to 5 in all cases. All patients were referred to a rehabilitation center for a mean of 6 weeks (range 4-8 weeks), during which rapid improvement was observed for all patients. In terms of postoperative motor deficits, the adolescents recovered faster than adults, and recovery did not exceed 10 days. After rehabilitation, the mRS score improved in each case at least 1 point above the preoperative disability status, except for the patient in case 1, whose mRS score remained the same (score 1). The adults had more disability postoperatively than younger patients. No language deficit was noted, even in patients who underwent a leftsided procedure. Similarly, no visual deficit was observed.
The 6 patients are seizure free (Engel class I) at last follow-up (Table 1) , and all are on a regimen of antiepileptic drug treatment. One adult patient had improved autonomy in activities of daily living due to the absence of seizures and falls. Parents noted an improvement in mood and dynamism. Children returned to regular school and began sports activities 4 months after surgery. Parents and teachers of the pediatric patients reported positive changes in behavior, with more participation and sociability. The patient in case 6 had presented with behavioral problems, such as aggressiveness and inability to attend normal school before undergoing surgery. After disconnection in this patient, marked improvement in behavior was observed, leading to better sociability and absence of aggressive behavior. Results of pre-and postoperative neuropsychological testing were available for 2 of 6 patients and remained stable with regard to the preoperative period (Table 1) .
Discussion
The gold-standard treatment for drug-resistant epilepsy associated with perinatal or childhood stroke is classically based on complete hemispheric disconnection via ap- proaches such as periinsular functional hemispherotomy, vertical parasagittal hemispherotomy, and modified periinsular hemispherotomy. 33 All of these different techniques involve resection of medial temporal structures, interruption of the fibers forming the corona radiata and internal capsule, transventricular callosotomy, and disruption of the frontal horizontal fibers. 31, 34 These procedures can lead to seizure freedom in 90%-95% of patients. 23, 34 However, this type of surgical management does not improve cognitive prognosis 34 and carries a high risk of hemianopia, verbal memory impairment, and olfactory deficits. 12, 34 There are arguments in favor of choosing disconnection surgery instead of resective options, notably to avoid the intracranial dead space created by hemispherectomy, which is associated with a risk of superficial hemosiderosis and consequently the risk of de novo epilepsy and hydrocephalus. In addition, disconnection surgery avoids the risks, such as increased incidence of subdural hematomas and draining surgeries, associated with other procedures that require wide opening of the ventricular systems to achieve access to relevant structures. Disconnection surgery is also less time consuming than resection.
In order to limit the consequences of these procedures, we propose a different strategy, the TSIPH, a partial disconnection procedure individually tailored to the SEEG results obtained in each patient. These 6 cases, of which 2 were cases in adults, demonstrate the efficacy and absence of morbidity associated with partial tailored suprasylvian disconnection. Complete seizure control after TSIPH was achieved (100% improvement, 5 of 6 patients completely seizure free) with a mean follow-up of 27.8 months. Currently, we have performed TSIPH in all the investigated children. Since 2012 no child with a large stroke has benefitted from a total hemispherotomy. SEEG indicated that the anterior quadrant disconnection technique 8 was not indicated in such cases because the posterior limit of the epileptogenic onset zone was in the parietal area and thus posterior to the supposed central sulcus (Figs. 1 and 4) .
Use of SEEG for presurgical evaluation of epilepsy associated with childhood stroke has not been specifically reported in the literature and is probably underused for this indication, where a majority of teams perform large disconnections such as hemispherotomies without necessarily performing prior intracerebral recording. 16 In our series, surgery was based on the results of SEEG, which guided decisions regarding the anterior and posterior limits of the subsequent disconnection and verified the absence of involvement of other regions. SEEG is a valuable, invasive tool for the assessment and anatomical definition of the EZ in adults and children. 17, 18, 36 In our series, SEEG demonstrated a main role for the premotor and precentral cortices, variably extending to the prefrontal cortex and the parietal cortex. This information, along with other clinical and imaging data, allowed disconnection of the EZ to be performed according to the specific pattern in each case, sparing temporal, occipital, and some frontal functional areas. There was no direct link between the MRI limits of the lesion and the EZ. Therefore, disconnections were guided by the SEEG results and not directly guided by the topography of the lesion on MRI.
The inferior disconnection performed during TSIPH allows disconnection of the ascending-descending pathways, similar to classic hemispherotomy. Anterior and posterior disconnections disconnect superior intrahemispheric association pathways, such as the superior longitudinal fasciculus, inferior frontooccipital fasciculus, and, if necessary, uncinate fasciculus. Optic and memory pathways are preserved during TSIPH, thus respecting function. In this series, outcome was excellent for all patients in terms of both seizure freedom and absence of associated deficit. Tailoring disconnections in this way based on SEEG data allows a truly functional surgical approach, targeting the EZ and avoiding resection or disconnection of nonepileptogenic and functional areas. This is a reason why in our department no child with a large stroke since 2012 has benefitted from a total hemispherotomy. 
Conclusions
Since their introduction, the main goal of disconnection procedures has been optimal seizure control with minimal impact and side effects. 16, 32 It appears that ideally, these objectives must incorporate avoidance of nonlesional cortical areas to preserve function and cognition. From this perspective, the use of SEEG in our patients allowed us to delineate a surgical approach, sparing some territories that would otherwise have been disconnected with a classic hemispherotomy. TSIPH appears to be a safe and efficient surgical procedure for stroke-induced refractory epilepsy in children and adults and an alternative to the classic hemispherotomy.
